Abstract-This paper analyzes the extremely low frequency electromagnetic wave excited by a horizontal electric dipole immersed in the sea. Analytical solutions in the air from HED underwater are deduced using a three-layer model. The effect of the sea-air interface is studied along two perpendicular directions. The electric field is inversely proportional to the square of r while the magnetic field is inversely proportional to the cube of r along the interface. By decomposing the total response into direct, up-going and down-going components, contributions of each component are discussed, indicating that interference cancellation effect occurs among the arrival electromagnetic signals from multi-paths at specific offsets and frequencies.
INTRODUCTION
Extremely low frequency (ELF) electromagnetic (EM) wave radiation and propagation underwater has attracted great attention for a long time [1] , such as underwater target detection [2, 3] , submarine navigation and communications [4] [5] [6] , and marine controlled source electromagnetic (MCSEM) [7, 8] . In shallow sea area, EM methods are reconsidered for communications between autonomous underwater vehicles (AUV) while acoustic communication is limited by ambient interference, unlike in deep water. However, propagating in the seawater, high frequency EM wave will suffer from great loss for about 55 dB per wavelength [9] . In seawater of conductivity of 4 S/m, the EM wave at 1 Hz attenuates at 0.035 dB/m. Thus, ELF EM waves can provide attractive benefits for communication underwater, from land to underwater or from underwater to land.
The radiation from an electric dipole source has been studied in great details. Among many standout researchers, Weaver [10] derived the solutions for horizontal and vertical electric dipole (HED/VED) in a two-layer conductive medium, and the two-layer model was extended by [11] [12] [13] [14] [15] [16] . Furthermore, the works in [9] and [17] [18] [19] gave the solutions on the radiation problem when the HED or VED was placed in a conducting medium or dielectric layer. Finally, Fares et al. [20] conducted experiments to verify Weaver's work. They measured the magnetic fields generated by HED and VED antennas in shallow seawater at bandwidth of 20 to 500 Hz, and the results indicated that the magnetic fields picked up by tri-axial magnetometer were consistent with Weaver's model.
The works in [19] derived complete solutions for the EM field of an HED underwater. Based on the work, we derive the analytical solutions above the air-sea surface based on a three-layer model that contains semi-infinite air, finite seawater and semi-infinite seabed. We employ fast Hankel transform algorithm to solve the infinite integrations containing Bessel functions, and all the simulation results fit for the FEKO very well. When the source is located in seawater, and the observation points are located approaching the surface, the propagation becomes complex due to the effect of multi-paths. Therefore, it is meaningful to analyze the attenuation curves along the cross-line (the direction perpendicular to the HED) and in-line direction (the direction parallel to the HED) on the sea-air interface. By decomposing the total response into direct (Di), up-going (Up) and down-going (Do) components, the contributions from multi-paths are studied in details under different conditions. The rest of the paper is organized as follows. In Section 2, the analytical expressions are derived both in the seawater layer and in the air layer. Section 3 shows the numerical results under different simulation conductions followed by conclusions in Section 4. Figure 1 shows the three-layer model and the coordinate system, in which σ i (i = 1, 2, 3) is the conductivity of each layer. s i (i = 1, 2) is the border of adjacent layer and d 1 the depth of sea. P (red dots) represents the receiver positions. Horizontal electric dipole source (AB) is located at H below sea-air interface and h from s 2 , and the moment is p = p 0 e −iωt , where p 0 = IdL/4πσ 1 and ω is the angular frequency. The parameters are shown in the figure, and HED is parallel to x while positive z is downward. In general, the conductivity of the air is 0 (σ 0 = 0), and the thicknesses of the air and seabed layers are infinite. Typical parameters employed in the model are: Under the quasi-static condition, the expressions for the electromagnetic fields in seawater layer have been obtained in [19] . They are
RESPONSE FOR HED UNDER SEAWATER
where
is the offset (horizontal distance from the receiver to the source), m the integration
, J the Bessel function of zero or one, φ the angle between the offset, and x, and C 1 , D 1 , B 1 , E 1 are Fresnel's reflection coefficients for each component and
Similarly, the expressions for ELF EM wave excited by HED in the air can be obtained as follows.
where C 0 and B 0 are Fresnel's reflection coefficients for each component and
In the following section, the ELF EM field under seawater can be calculated using Eq. (1)-Eq. (6) while the field in the air can be obtained by Eq. (7)-Eq. (12) . The expressions for field in the seawater are more complex than that in the air. This is because the propagation path from the source to the observe point in the air is simpler, and only the up-going EM field can be picked up.
To analyze the multi-paths, the observation point is placed in the sea water, shown in Fig. 2 . There exist typically five paths for ELF EM wave from the transmitter to the receiver. L1 is called lateral
wave or air wave in some literature where the EM wave mainly travels in the air. L2 is the component reflected by s 1 while L4 is from the reflection of s 2 . L3 is direct wave traveling from the source to the receiver directly. L5 is the part traveling along the seabed. Unlike previous works, the total response will be decomposed into three parts: direct wave, up-going wave which comes from the reflection of s 2 and down-going wave that originates from the reflection of s 1 . Thus, the up-going component mainly contains L4 and L5, and the down-going part contains L1 and L2. Using E x as an example, we have the following results:
where E xDi , E xU p , E xDo represent direct wave, up-going wave and down-going wave, respectively. To evaluate contributions of decomposed components to the total response, the percentage of the total field for each component is defined as follows:
And, the total percentage is
In the following section, the three contributors are evaluated using Eq. (16) , and the total response is calculated using Eq. (17) . The total percentage is larger than 100%, which shows that interference cancelation effect exists between the components from multi-paths.
NUMERICAL RESULTS

The Effect of the Sea-Air Interface
Having deduced the solutions for the ELF EM fields excited by HED immersed in sea, the effect of the sea-air interface (boundary s 1 ) can be studied along two perpendicular directions (in-line and cross-line direction relative to the source). Fig. 3 shows the attenuation curves for the EM field in the seawater and Along the cross-line direction, the electric field contains only x component, and the electric fields of both sides are equal. The magnetic field contains y and z components and is continuous across the sea-air interface. The y component dominates the whole response, especially in far region. Magnetic fields are mainly generated by the current, which form two opposite magnetic dipoles around the HED due to the good conductivity of the sea. Thus, the magnetic field is almost inversely proportional to the square of r firstly when the offset is less than 300 m, and cube of r eventually when the offset is more than 600 m.
Along the in-line direction, the magnetic field contains only y component which is continuous across the boundary and is inversely proportional to the square of r at offset less than 300 m and cube of r at offset more than 600 m. However, above s 1 , electric field contains x component and z component while only x component exists under s 1 which shows that electric field undersea will be parallel to the sea-air boundary eventually. Furthermore, the surface charges are induced upon the surface, which contribute to the electric field in the air. Therefore, along the in-line direction, the electric field is inversely proportional to the square of r. Figure 5 shows the contributions of each component and the total percentage along the in-line direction when the observation point is at different offsets (100 m ∼ 3000 m) and depths (0 ∼ 120 m) when the operation frequency is 2 Hz. It is clear that direct wave dominates the total response at small offsets while up-going and downgoing waves account for a smaller proportion. As the offset increasing, up-going and down-going components begin to occupy a larger proportion. When the offset is 1000 ∼ 2000 m, the percentages of up-going and down-going components are more than 100%, indicating that interference cancelation effect between the two components occurs and reduces the total amplitude. At large offset, the downgoing wave dominates the total response for the reason that the wave travels at a smaller attenuation rate via L1 path (air wave or lateral wave). The total percentage shown in Fig. 5(d) indicates the interference cancelation effect among the arrival fields from multi-paths at different offsets and vertical depths. The red color stands for the greatest interference effect. Thus, the attenuation curve of the electric field under s 1 appears inflection point at the offset of 1000 ∼ 2000 m in Fig. 3 and Fig. 4 . On the other hand, we can find that the up-going wave mainly exists at the offset of 1000 ∼ 2000 m where the down-going wave exists as well. Therefore, it is difficult to separate the underground information in shallow sea area from the down-going wave (mainly air wave) and measures must be taken to remove the air wave in marine controlled source electromagnetic method (MCSEM). Figure 6 shows the contributions represented in percentage of each component along the in-line direction under different operation frequencies (1 Hz ∼ 20 Hz) and vertical depths (0 ∼ 120 m) at a specific offset (1000 m). At this particular offset, the direct wave possesses a small percentage while the total response is dominated by the down-going parts at all frequencies and depths in the sea. Furthermore, the up-going wave affects the total response at low frequencies and deep depths where the observation point approaches the boundary s 2 . Also, Fig. 6(d) shows the interference cancelation effect clearly at low frequencies. Figure 7 shows the contributions of each component and the total percentage along the in-line direction with different operation frequencies (1 Hz ∼ 20 Hz) and offsets (100 m ∼ 3000 m) at a specific vertical depth (30 m). The direct component dominates the response at small offset while the downgoing part contributes more than 90% at large offsets and high frequencies. However, at low frequencies and small offsets, the up-going wave affects the response as well as down-going part. Thus, interference cancelation effect shown in Fig. 7(d) occurs at low frequencies and small offsets.
Contributions for the Decomposed Components
CONCLUSION
In this paper, we derive analytical solutions in the air for HED undersea based on previous work. The simulation results show that the sea-air interface has an important effect on the propagation of ELF electromagnetic fields. Firstly, the electric field is inversely proportional to the square of r while the magnetic field is inversely proportional to the cube of r along the interface. Secondly, the down-going component dominates the total response almost at all frequencies and offsets due to the multi-path effect. Thirdly, interference cancelation effect occurs at some specific offsets, and the most distinct feature is the inflection points on the attenuation curves. These conclusions may provide useful references in three aspects as follows: arrange sensor arrays in a reasonable way in underwater target detection; optimize transceiver and receiver antennas and positions for different occasions in magnetic communications; develop time domain or frequency domain methods to remove the airwave in shallow MSCEM.
